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a  b  s  t  r  a  c  t
A  submerged  biological  aerated  filter  (BAF)  partially  aerated  was  used  to  study  the removal  of low  concen-
trations  of  ammonia  nitrogen  (0.3 g  N/m3 to  30.5  g N/m3) typically  found  in  nutrient  enriched  river  and
lake  waters,  and treated  effluents.  Four  series  of experiments  were  performed  with  a  synthetic  wastewa-
ter at  ammonia  loading  rates  between  6  g  N/m3 d and  903  g  N/m3 d and  C/N  ratios  from  2 to 20.  The results
showed  that  ammonia  removal  rates  reached  higher  values  (172  g N/m3 d  to 564  g  N/m3 d)  for  C/N  = 2 and
lower  values  (13.6  g N/m3 d to  34.6  g N/m3 d)  for C/N  =  20.  Between  50%  and  70%  of  the ammonia  was
removed  in  the  upper  section  of  the  BAF,  where  the  dissolved  oxygen  (DO)  concentration  was  over 2.1 g
O2/m3 and  the  biofilm  depth  ranged  from  0.4  to  0.6  mm.  At the bottom  section  of  the  reactor,  simulta-
neous  removal  of  ammonia  and  nitrate  was  observed  at the  DO  concentrations  in  the range  0.4 g O2/m3
to 0.8  g O2/m3. There  was  no removal  of ammonia  nitrogen  for loads  below  15 g N/m3.d.  The results  indi-
cate  that  the removal  of  nitrogen  in  partially  aerated  BAF  may  not  only  be explained  by  the  conventional
mechanisms  of nitrification/denitrification.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
The discharge of nitrogen compounds to soil and waters may
adversely affect water resources in several ways including contri-
bution to eutrophication, depletion of oxygen, toxicity to aquatic
environment and public health concerns. Nitrogen polluted sur-
face waters including those from lakes and rivers often need to be
pretreated prior to use in drinking water systems. Hence, removal
of nitrogen (both reduced form such as ammonia and oxidized
form such as nitrate) from treated waters and surface waters for
reuse has become an important need to protect public health and
reduce ecological risk. In order to satisfy stringent regulations con-
cerning nitrogen removal from wastewater in the European Union
(Urban Wastewater Directive 91/271/EEC, 10 to 15 g N/m3) and
USA (total N = 3 g N/m3 in some regions), conventional secondary
wastewater treatment systems need to be retrofitted or the treat-
ment scheme should be expanded with polishing treatment. The
research described here addresses nitrogen removal from surface
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waters and wastewater effluents using low maintenance and effec-
tive biological aerated filters.
Application of submerged biological filtration to remove resid-
ual loads (nutrients, trace elements and pathogens) as a tertiary
and/or polishing step can be a promising alternative to retrofitting
(Tchobanoglous et al., 2003; Jeong et al., 2006; Schulz and
Menningmann, 2008; Farabegoli et al., 2009; Jenssen et al.,
2010). Submerged biological aerated filters (BAF), also known as
submerged aerobic biofilters (Schulz and Menningmann, 2008)
present several advantages over other fixed-film reactors (e.g.
rotating biological contactors (RBC) or trickling filters) including
a high concentration of active biomass, good control of excess
biomass, high sludge retention time (SRT) that enables degrada-
tion of complex compounds, better protection against toxic peaks
by the biofilm, good efficiency of pollutant (carbon, nitrogen, phos-
phorous and pathogen) removal combined with a high filtering
capacity in a single-unit process, easy maintenance and operation,
no need for sludge recycling and a final clarifier (Mendoza-Espinosa
and Stephenson, 1999; Grady et al., 1999; Tchobanoglous et al.,
2003; Hidaka and Tsuno, 2004; Schulz and Menningmann, 2008).
The capital cost of adding BAF as tertiary/polishing treatment is
lower in comparison with construction of a new advanced treat-
ment system and its construction does not interfere with the
operation of existing reactors.
0925-8574/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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The main disadvantages are the risk of clogging and energy costs
associated with aeration and washing systems. Clogging may  be
minimized if solids could be properly removed upstream or by
using media with void ratio over 0.4 (Grady et al., 1999; Farabegoli
et al., 2009). The energy costs may  be reduced by optimizing wash-
ing cycles and using low air flow rate or intermittent aeration.
This last procedure may  also be useful to change the biochemi-
cal environment in the filter from anaerobic to aerobic in order to
promote simultaneously or alternately nitrification/denitrification
mechanisms.
The media used in BAF must have suitable specific surface
area (500 m2/m3 to 2000 m2/m3) to allow a good biofilm devel-
opment, and a particle diameter ranging from 1 to 4 mm  to allow
a void ratio adequate for a good hydraulic flow rate (Mendoza-
Espinosa and Stephenson, 1999; Albuquerque, 2003; Schulz and
Menningmann, 2008). Mendoza-Espinosa and Stephenson (1999)
point out removal efficiencies for organics and nitrogen over 80% in
completely aerated BAF running with hydraulic loading rates (HLR)
from 1 m/h  to 10 m/h. A natural porous volcanic rock (puzzolane)
presents suitable properties for application in bioreactors and has
been already tested in sequencing batch biofilter (Buitrón et al.,
2004) for the removal of azo dye. Villaverde et al. (2000) have also
tested this material in completely aerated BAF, but for the removal
of high ammonia concentrations (100 g N/m3). Operation air flow
rates in BAF may  range from 18 L/H to 200 L/h (He et al., 2007; Ha
et al., 2010).
In a previous paper (Albuquerque et al., 2009a)  the perfor-
mance of a non-aerated lab-scale biofilter (filled with 2–4 mm of
puzzolane particles) on the removal of organic matter (acetate),
ammonia, nitrite and nitrate was analysed. In this study, the same
reactor was converted to a partially aerated BAF and long-term
operating data were analysed in terms of the removal of low ammo-
nia nitrogen concentrations. Therefore, the aim of this study was to
evaluate the effect of aeration on the performance of a puzzolane-
based BAF reactor to remove low concentrations of ammonia
nitrogen (0.3 g N/m3 to 30.5 g N/m3), which may  constitute a useful
mitigation measure for pollution control and integrated water-
shed management. Most of the previous works with BAF have used
a total aerated filter to remove higher concentrations of ammo-
nia (Mendoza-Espinosa and Stephenson, 1999; Villaverde et al.,
2000; Stephenson et al., 2003; Garzon-Zuniga et al., 2005; Lei et al.,
2009; Ha et al., 2010), normally from 25 g N/m3 to approximately
650 g N/m3 (i.e., the reactors were used mainly as a secondary treat-
ment step). BAFs reactor studied in this paper could be used for
restoration of ponds, lakes, and rivers polluted by cultural eutroph-
ication as well as pollution prevention by treating wastewater
effluents, which contain low nitrogen levels.
2. Methodology
2.1. Experimental set-up
A BAF reactor with 7.0 cm × 40.5 cm (internal diame-
ter × packing height) with a downward flow configuration
was set-up for this study (Fig. 1). A homogeneous puzzolane
material with an effective diameter of 4 mm,  specific surface area
of 1740 m2/m3 and void ratio of 0.52 was used. The media bed was
submerged 3 cm below the water level. Five sampling ports (P1–P5,
5 mm in diameter) were provided along the height of the reactor
to collect water samples for analytical measurements. Another
five ports in the same locations were connected to piezometers to
evaluate variations in the hydrostatic pressure between the ports.
The reactor was also equipped with an external aeration device
(TetraTec AP150 pump, Italy) with a flow rate control system and
a maximum capacity of 150 L/h, connected close to the P2 sam-
pling point (at approximately 8 cm from the media top). The air
was injected into the reactor through a 4 mm tube with a fine bub-
ble micro-diffuser. The aeration device introduced air upward in
order to keep dissolved oxygen (DO) concentrations over 2 g O2/m3
in the section MT-P2 (i.e., the reactor was partially aerated). This
is one of the novelties of this work, since most of the previous
works with BAF (Villaverde et al., 2000; Stephenson et al., 2003; Lei
et al., 2009; Ha et al., 2010) used completely aerated filters with the
aeration device located at the bottom of the reactors. A backwash-
ing system was included in order to remove the excess of sludge
produced during the BAF operation. The backwashing water flow
rate was  controlled by a rotameter (GARDENA T120, Italy), whilst
the backwashing air flow rate was  controlled by a pressure pump
(VACUUBRAND ME  4R, Germany).
2.2. Feeding solutions
The feeding solution used for the experiments included a min-
eral medium (buffer, magnesium sulphate, calcium chloride and
iron chloride solutions) and sources of organic carbon (sodium
acetate) and ammonia (ammonia chloride), as previously described
in Albuquerque et al. (2009a). The concentrated sodium acetate
solution (113.4 g C2H3O2Na·3H2O per L) had a chemical oxy-
gen demand (COD) concentration of 50 kg COD/m3 and a total
organic carbon (TOC) concentration of 20 kg C/m3. The concen-
trated ammonia chloride solution (76.41 g NH4Cl per L) had a
NH4–N concentration of 20 kg N/m3.
During the normal operating conditions (excluding the exper-
imental assays), the BAF reactor was  fed with the synthetic
wastewater with concentrations of COD of 100 g COD/m3 (equiv-
alent to 40 g C/m3) and ammonia nitrogen (NH4–N) of 10 g N/m3
(i.e., C/N ratio of 4) as also used in Albuquerque et al. (2009a).
The synthetic wastewater was prepared with tap water by dilut-
ing the concentrated solutions in the following proportions: 2 mL/L
of the buffer solution, 0.2 mL/L of the magnesium sulphate solu-
tion, 0.2 mL/L of the calcium chloride solution, 0.2 mL/L of the iron
chloride solution, 0.2 mL/L of the oligoelements solution, 2 mL/L of
sodium acetate solution, and 0.5 mL/L of ammonia chloride solu-
tion. For the experiments presented in the Table 1 the feeding
solution composition was  changed in order to obtain the influent
C/N ratios of 2, 4, 10 and 20. Therefore, the appropriate concentra-
tions of COD (or TOC) and NH4–N were obtained by diluting the
concentrated solutions of sodium acetate and ammonia chloride,
according to the volumes presented in Albuquerque (2003). The
feeding solution was  kept in a storage tank (ISCO FTD 220, Italy)
at a constant temperature of approximately 4 ◦C and pumped to
the BAF reactor through a peristaltic pump (ISMATEC MCP  CA4,
Switzerland).
2.3. Operation of the experimental BAF
The operation of the BAF reactor involved two phases: investi-
gating the backwashing cycle and achieving steady-state conditions
with aeration (Phase I, 16 days), and performing experimental
assays (Phase II, 102 days) for different ammonia nitrogen load-
ing rates (NLR) and C/N ratios. The reactor was previously operated
without aeration during 152 days. Before the experiments, the reac-
tor was  inoculated with biomass from an activated sludge system
treating municipal wastewater. The colonization took approxi-
mately 15 days in a closed circuit (1 L/h) and discontinuous feeding.
Approximately 38.9 mL  and 9.7 mL  of acetate and ammonia solu-
tions, respectively, and a proportional volume of the mineral
solutions were added to the reactor every 24 h in order to ensure
the concentrations of 100 g COD/m3 and 10 g NH4–N/m3 (C/N = 4)
Author's personal copy
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Fig. 1. Schematic representation of the experimental BAF.
as described in Albuquerque et al. (2009a). In Phase II, four series
of 24-h experiments with C/N ratios of 2, 4, 10 and 20 (20 assays)
were performed as described in Table 1.
In Phase I, the backwashing cycle was defined under normal
operating conditions (i.e., 100 g COD/m3 and 10 g NH4–N/m3),
by operating the BAF until the steady-state conditions were
broken. The backwashing period was selected in order to not
allow the deterioration of the steady-state conditions. The head
losses were determined daily in five reactor sections. During
steady-state conditions, the measurements of DO, pH, temper-
ature, TOC, COD and NH4–N were performed every 2 days in
the influent, P2 and effluent. Backwashing was  performed by
injecting simultaneously upward air at the flow rate of 5 L/m2 s
(≈68 L/h, ≈0.4 m3 air/m3 media min) and water at the flow rate of
1 L/m2.sec (≈14 L/h, ≈0.3 m3 water/m3 media min), during 10 min.
These conditions were set based on the recommendations of
Mendoza-Espinosa and Stephenson (1999),  i.e. air flow rates and
water flow rates in the range of 0.4–0.5 m3 air/m3 media min  and
from 0.33 to 0.35 m3 air/m3 media min, respectively, and are in
the range of flow rates observed in the studies of Yang et al.
(2010) and Liu et al. (2010),  5.3 L/m2 s to 15 L/m2 s (backwashing
air flow rate) and 0.18 L/m2 s to 5 L/m2 s (backwashing water flow
rate).
In the second phase, the reactor was  operated continuously dur-
ing 102 days to perform four series of experiments (altogether
20 assays) by modifying the organic loading and C/N ratio in
comparison with the steady-state conditions (Fig. 2). Between the
experiments, for approximately 4 days (the period required to
attain steady-state conditions, as shown in Albuquerque, 2003),
the reactor feed was  the same as that at steady state conditions
(i.e., 100 g COD/m3 and 10 g NH4–N/m3). On the 5th day, the oper-
ating conditions were modified for each individual experiment
as presented in Table 1. In each assay, measurements of DO, pH,
temperature, TOC, COD, NH4–N, nitrite nitrogen (NO2–N), nitrate
nitrogen (NO3–N), total suspended solids (TSS), volatile suspended
solids (VSS) and alkalinity were performed at 12 h, 16 h and 20 h
after changing the operating conditions (influent, the five sam-
pling ports and effluent). In days 28, 48, 74 and 108, four grains
of the media were collected in each of the five sampling ports in
order to evaluate the biofilm thickness variations across the bed.
TOC was occasionally determined to control the C/N ratio, whereas
COD analyses were used to follow the removal of acetate.
The aeration rate was  kept at 20 L/h. The continuous or inter-
mittent air flow rates between 3.5 L/h and 18 L/h are considered
to be sufficient for the simultaneous removal of organic carbon
and nitrogen according to Schulz and Menningmann (2008),  Chang
Table 1
Influent characteristics for the experimental assays in Phase II.
Days Assay pH Temperature (◦C) COD (g COD/m3) TOC (g C/m3) Feed DO
(g O2/m3)
NH4–N (g N/m3) Alkalinity
(g CaCO3/m3)
C/N (g C/g N)
18–42 A6.2.1. 7.2 19.3 151.1 62.6 7.6 3.1 109.5 20.2
A6.2.3.  7.2 19.5 100.8 41.9 7.4 2.1 102.6 20.0
A6.2.4.  7.2 19.6 50.1 20.8 7.7 1.1 90.8 18.9
A6.2.6.  6.8 19.8 10.8 4.2 7.3 0.2 58.1 21.0
44–62  A7.2.1. 7.2 19.4 152.4 62.5 7.8 6.3 119.5 9.9
A7.2.3.  7.2 18.9 102.3 41.5 7.2 4.3 107.9 9.7
A7.2.4.  7.2 18.9 49.7 20.6 7.9 2.1 88.9 9.8
A7.2.6.  6.9 19.5 3.8 4.3 7.4 0.5 58.4 8.6
64–102  A8.2.1. 7.2 19.5 155.3 62.5 7.4 15.8 126.7 4.0
A8.2.2.  7.2 19.6 131.5 52.2 7.9 12.6 117.9 4.1
A8.2.3.  7.2 20.4 101.8 41.8 7.3 10.2 115.8 4.1
A8.2.4.  7.2 18.8 52.3 20.6 7.7 5.1 95.4 4.0
A8.2.5.  7.1 19.2 25.8 10.2 7.0 2.5 70.2 4.1
A8.2.6.  7.1 18.9 11.2 4.4 7.3 1.1 55.4 4.0
A8.2.7.  6.9 19.5 5.2 2.1 7.2 0.5 39.6 4.2
A8.2.8.  6.8 19.7 3.1 1.0 7.5 0.3 22.5 3.3
104–118  A9.2.1. 7.2 19.2 150.8 62.4 7.6 30.5 123.8 2.0
A9.2.3.  7.3 19.5 102.6 41.6 7.7 20.4 123.8 2.0
A9.2.4.  7.2 19.5 52.3 20.8 7.8 10.2 85.4 2.0
A9.2.6.  7.1 19.1 9.8 4.2 7.6 2.1 52.2 2.0
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Fig. 2. Schematic representation of the operating conditions during Phase II.
et al. (2008) and Ha et al. (2010).  For both phases, the reactor was
operated at the flow rate of 1 L/h (HLR of approximately 0.26 m/h).
Recent studies showed good performance for ammonia removal at
HLR up to 3 m/h  and air flow rate from 18 L/h to 200 L/h (Schulz
and Menningmann, 2008; Lei et al., 2009; Ha et al., 2010; He et al.,
2007) in BAF completely aerated fed with higher ammonia concen-
trations (>100 g NH4–N/m3). The hydraulic retention time (HRT)
was approximately 50 min, which is in the range (20 min  to 2 h)
reported by Mendoza-Espinosa and Stephenson (1999) and Ha et al.
(2010) for downflow BAF reactors. The hydrostatic pressure was
recorded daily from each piezometer. The temperature in the BAF
reactor was  kept constant at approximately 20 ◦C during the exper-
imental phases.
2.4. Analytical methods
The DO, pH and temperature were measured with a D201
flow through vessel using probes SenTix 41 and CellOx 325 con-
nected to the Multi 340i meter (WTW,  Germany). Concentrations of
organic carbon were measured as both COD, by closed reflux diges-
tion and titrimetric method (APHA-AWWA-WEF, 1999), and TOC
using the TOC-5000 analyzer (Shimadzu, Japan). Concentrations
of NH4–N and NO2–N were measured through spectrophotome-
try according to the Standard Methods (APHA-AWWA-WEF, 1999),
whereas NO3–N concentrations were measured using LCK 339
cuvette test (0.23–13.5 g NO3–N/m3) and the Cadas 50 spectropho-
tometer (HACH-LANGE, Germany). TSS and VSS concentrations
were determined by the gravimetric method using 0.45 m pore
size filters (APHA-AWWA-WEF, 1999). Alkalinity measurements
Fig. 3. Temporal variations of NH4–N concentrations at the influent, P2, P4 and effluent (a) and offloads of NH4–N removed during Phase I (b).
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Table 2
Ammonia loading rates and ammonia removal rates in the experiments of Phase II.
Assays C/N NLRa (g N/m3 d) rNH4N (g N/m
3 d)
MT-P2 P2–P4 P4-MB MT-MBa
A6.2.1. 20 91.8 94.4 26.4 14.4 34.6
A6.2.3.  62.2 69.0 30.4 0.0 27.8
A6.2.4.  32.6 52.5 9.6 0.0 13.6
A6.2.6.  5.9 0 0 0 0
A7.2.1.  10 186.6 212.9 35.2 12.3 60.4
A7.2.3.  127.3 205.4 24.0 4.8 51.5
A7.2.4.  62.2 76.5 36.0 0.0 33.2
A7.2.6.  14.8 0 0 0 0
A8.2.1.  4 467.9 860.5 103.9 66.5 237.2
A8.2.2.  373.1 586.1 43.2 50.0 153.4
A8.2.3.  302.0 577.2 72.8 20.6 149.8
A8.2.4.  151.0 226.4 28.8 27.4 67.2
A8.2.5.  74.0 45.0 12.8 19.2 21.9
A8.2.6.  32.6 0 0 0 0
A8.2.7.  14.8 0 0 0 0
A8.2.8.  8.9 0 0 0 0
A9.2.1.  2 903.2 2149.7 310.2 56.2 563.8
A9.2.3.  604.1 1133.3 544.5 63.7 453.1
A9.2.4.  302.0 632.6 80.0 40.4 172.0
A9.2.6.  62.2 0 0 0 0
a Calculated based on the total effective media volume (MT-MB): 0.00081 m3.
were performed by titration (APHA-AWWA-WEF, 1999). The
biofilm thickness was evaluated using an electronic microscope
(Hitachi S 2700, Japan) after dehydratation of the sample (substra-
tum/biofilm) with acetone.
3. Results and discussion
3.1. Phase I – steady state conditions
The concentrations of ammonia observed in both phases are
presented in Fig. 3(a). There was no detection of significant concen-
trations of nitrite (0.1–0.2 g NO2–N/m3) in all the sampling points
for Phases I and II. Steady-state conditions were evaluated through
the NH4–N load removal (Fig. 3(b)) that was attained in sections
MT-P2, P2–P4 and P4–MB after approximately 8 days of the con-
tinuous operation. The BAF performance was analysed for sections
MT-P2 (aerated section, aerobic), P2–P4 (section with residual oxy-
gen, anoxic) and P4-MB (non-aerated section, anaerobic).
The average COD concentrations were 100.7 ± 0.6 g/m3,
60.6 ± 7.1 g/m3, 38.4 ± 2.2 g/m3 and 28.8 ± 1.3 g/m3, respectively,
in the influent, P2, P4 and effluent (considering 9 samples and
a 95% confidence interval), which corresponds to average COD
removal efficiencies (RE) of 40%, 35% and 25%, respectively, for
sections MT-P2, P2–P4 and P4-MB and an overall RE of 71%.
The average NH4–N concentrations at the same points were
10.6 ± 0.2 g/m3, 6.7 ± 0.7 g/m3, 5.8 ± 0.7 g/m3 and 5.4 ± 0.6 g/m3,
which corresponds to average RE of NH4–N of 37%, 15% and 6%,
respectively, for sections MT-P2, P2–P4 and P4-MB and an overall
RE of 50%.
Comparing with results obtained in a previously study
(Albuquerque et al., 2009a), in the same reactor, but without aer-
ation, the introduction of aeration in the upper part of the reactor
(first 8 cm)  led to an increase in the overall RE of COD, from 18%
to 71%, and ammonia, from 28% to 50%. Approximately 56% of COD
and 74% of ammonia were removed in the aerated section MT-P2,
which contrasts with the 90% efficiency observed for both com-
pounds under non-aerated conditions for the same section. The
introduction of aeration did not influence the time necessary to
attain steady-state conditions since it was observed the same 8 days
after the start-up and 8 h after washing. However, the backwashing
cycle was reduced to 5 h of operation. It took 5 h to reach an overall
head loss of 5 cm compared to 10 h when the reactor was  not aer-
ated. This difference can be explained by the turbulence caused in
section MT-P2 due to the introduction of air, as well as due to the
production of large amount of biomass that led to a quick clogging
of the bed.
The DO concentrations were stable with average val-
ues of 7.6 ± 0.1 g O2/m3, 3.3 ± 0.3 g O2/m3, 0.5 ± 0.1 g O2/m3 and
0.3 ± 0.03 g O2/m3, respectively, in the influent, P2, P4 and the efflu-
ent. The concentrations of TSS and VSS in P2 and P4 were 60 ± 5 g
TSS/m3 and 45 ± 5 g TSS/m3 and 38 ± 3 g VSS/m3 and 18 ± 2 g
VSS/m3, respectively, which corresponds to a VSS/TSS ratio of 0.63
and 0.40, respectively, in these two  points (i.e.,  more biomass was
produced in the section MT-P2).
After 5 days of operation at steady-state conditions, the head
losses in the section MT-P2 increased quickly (from 5 cm to 9.5 cm
for day 5 and day 6, respectively) due to clogging of the bed. As a
consequence, the removal of COD and ammonia decreased quickly
and the steady-state conditions became deteriorated. Therefore,
backwashing was  scheduled every 5 days during continuous opera-
tion, which corresponded to a maximum head loss of 5 cm allowed
for the BAF reactor. 8 h after the backwashing, the steady-state con-
ditions were observed again, and COD and ammonia removal were
fully recovered after another 2 h.
3.2. Phase II – long term operation
In Phase II, the ammonia and COD concentrations changed
with varying influent conditions. It was  found, however, that the
steady-state conditions returned in approximately 12 h after each
assay. Regardless of the applied C/N ratio, there was  no signifi-
cant removal of NH4–N in the assays with lowest influent COD
concentrations (from 3.1 g COD/m3 to 11.2 g COD/m3) and lowest
influent NH4–N concentrations (from 0.3 g N/m3 to 2.1 g N/m3), i.e.
the assays A6.2.6., A7.2.6., A8.2.6., A8.2.7., A8.2.8. and A9.2.6.). i.e.,
there is no removal of ammonia for NLR below 15 g N/m3 d. Xia
et al. (2008) observed that the population of nitrifiers was in inverse
proportion to C/N ratio in carrier biofilm reactors.
The pH slightly increased throughout the reactor depth reach-
ing higher effluent values in the experiments with higher ammonia
removal: 7.2 (influent) to 7.7 (effluent) in assays 8.2.1. and 8.2.2.;
(C/N = 4) 7.1 (influent) to 7.8 (effluent) in assays 9.2.1., 9.2.3. and
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Fig. 4. Typical DO (blue line) and pH (black line) profiles in the experiments of Phase II. (For interpretation of the references to color in this figure legend, the reader is
referred  to the web  version of the article.)
9.2.4. (C/N = 2). The values of alkalinity also increased in those
assays. This finding is in contradiction with ammonia removal
via nitrification. The reactor was aerobic in most of its depth
(Fig. 4), which favoured ammonia oxidation to nitrite and nitrate
(and resulted in alkalinity consumption). However, the removal
of acetate (determined as COD) under aerobic conditions was also
higher for C/N ratios of 2 and 4 and, as reported by Grady et al.
(1999), the respective pathway produced alkalinity. Therefore,
the production of alkalinity due to acetate oxidation was greater
than its consumption by nitrification. The average DO concentra-
tions ranged from 3.1 g O2/m3 to 4.1 g O2/m3 (P1), 2.1 g O2/m3 to
3.8 g O2/m3 (P2), 0.5 g O2/m3 to 1.1 g O2/m3 (P3), 0.4 g O2/m3 to
0.8 g O2/m3 (P4) and 0.2 g O2/m3 to 0.8 g O2/m3 (P5), confirming the
aerobic conditions in section MT-P2.
Removal rates are normally based on effective reactor volume
(Mendoza-Espinosa and Stephenson, 1999; Grady et al., 1999;
Stephenson et al., 2003; Chang et al., 2008; Ha et al., 2010). The
removal of ammonia started to be significant for NLR above 32.6 g
N–NH4/m3.d (assay A6.2.4., C/N = 20). The higher removal rates
of ammonia (rNH4N) were observed in the experiments with a
low C/N ratio (2) and for the higher NLR, as can be observed in
Table 2. These results may  be explained by the higher develop-
ment of nitrifiers for low C/N ratio as observed by Xia et al. (2008).
The observed RE in the assays varied in the following ranges:
37.7–44.8% (C/N = 20), 32.4–53.3% (C/N = 10), 29.6–50.7% (C/N = 4)
and 57–75% (C/N = 2). The overall removal rates of ammonia (13.6 g
N–NH4/m3 d to 563.8 g N–NH4/m3 d) are in agreement with the val-
ues (up to 1300 g N–NH4/m3 d) suggested by Mendoza-Espinosa
and Stephenson (1999) for downflow BAF with HRT between 0.4 h
and 1.3 h. A wide range of efficiencies (10–90%) have been reported
for lab-scale RBCs treating ammonium rich wastewater at low C/N
ratios (Helmer et al., 1999; Pynaert et al., 2002). The RE for COD
removal ranged between 26% (C/N = 20) and 79% (C/N = 2).
Regardless the C/N ratio, most of ammonia removal was
observed in section MT-P2: 54–74% (C/N = 20), 53–79% (C/N = 10),
41–76% (C/N = 4) and 49–75% (C/N = 2). For all the assays, between
Fig. 5. Vertical profiles of DO and NH4–N concentrations and biofilm thickness for assays A8.2.3. and A9.2.3.
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Fig. 6. Correlation between ammonia loading rates and ammonia removal rates for the experiments of Phase II (black line) and for the experiments without aeration (red
line,  analysed in Albuquerque et al., 2009a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
82% and 100% of ammonia removal occurred in section MT-P4,
which can be related to the major availability of DO and the higher
biofilm thickness in section MT-P2 (between 0.4 and 0.6 mm),  as
shown in Fig. 5 for one assay at C/N = 4 (A8.2.3.) and another at
C/N = 2 (A9.2.3.). The measured average biofilm thickness in P1,
P2 and P4, during steady-state conditions was 0.47 ± 0.05 mm (P1),
0.28 ± 0.05 mm (P2) and 0.02 ± 0.01 mm  (P4).
Regression analysis between applied and removed loads of
NH4–N showed a linear correlation between both variables
(R2 = 0.96, p < 0.05), which was stronger compared to the period
when the biofilter was operated without aeration (R2 = 0.71,
p < 0.05, Fig. 6). Therefore, regardless of C/N ratio, the NH4–N loads
influenced the respective removal rates for the range of applied
loads in this study.
In section MT-P2, where most of the ammonia nitrogen was
removed, significant nitrate production was observed. Between
85% and 100% of the nitrate generated in the reactor was  detected
in section MT-P2 and less than 20% was produced in section P2–P4.
Such results were expected since the DO concentrations were
higher in section MT-P2 (between 2.1 g O2/m3 and 4.1 g O2/m3)
than in the section P2–P4 (0.4 g O2/m3 to 1.1 g O2/m3). A strong
linear relationship (R2 = 0.84, p < 0.05) was observed between
ammonia removal and nitrate production in section MT-P2 (Fig. 7).
This condition suggests that practically all the oxidized ammonia
in that section was transformed to nitrate by nitrification.
There was no removal of nitrate until sampling point P4,
which can be explained by the presence of DO concentrations
over 2 g O2/m3, but up to 30.7% of the nitrate (maximum removal
rate of 53 g N/m3 d) was removed in the lower section of the
reactor (P4-MB), where the DO ranged between 0.4 g O2/m3 and
0.8 g O2/m3. That value is lower than the values (up to 5,000 g
N–NO3/m3 d) suggested by Mendoza-Espinosa and Stephenson
(1999) for a downflow BAF with HRT between 0.4 h and 1.3 h. How-
ever, between 4% and 18% of ammonia was also removed in section
P4-MB.
These observations suggest that nitrification and denitrification
occurred simultaneously in the last section of the reactor. Simi-
lar observation was made by Pynaert et al. (2002) in a lab-scale
RBC operated under oxygen-limited conditions. According to Grady
et al. (1999),  denitrification under anoxic environments occurs
preferably at DO concentrations under 0.2 g O2/m3 (critical value),
although in section P4-MB the removal of N–NO3 was observed
in  the presence of DO concentrations over that value. These cir-
cumstances may  suggest both good adaptation capacity of nitrifiers
and denitrifiers to low substrate concentrations, and the ability of
some species of microorganism to oxidize ammonia and reduce
nitrate in the presence of DO (concentrations between 0.4 g O2/m3
and 0.8 g O2/m3).
Even knowing that submerged BAF may  allow a good perfor-
mance for nitrogen removal, some nitrogen removal pathways still
remain poorly understood (Littleton et al., 2003; Garzon-Zuniga
et al., 2005). The combined nitrification–denitrification processes
have been considered to be the most common method for nitrogen
removal from wastewater and it is assumed that each one of these
mechanisms is attributed to different functional bacterial groups.
However, Yu et al. (2007) observed the nitrogen loss and DO
paradox in full-scale biofilters for drinking water treatment. The
observed nitrate production and DO consumption were substan-
tially lower compared to the theoretical stoichiometric amounts
required for nitrification and aerobic deammonification was  iden-
tified as the most probable mechanism that could explain those
occurrences. Similar conclusions have been drawn by Albuquerque
et al. (2009a) when nitrogen removal and oxygen consumption
could not be explained by well-known mechanisms in a non-
aerated downflow biofilter. Nitrogen loses were not well explained
in another studies using a horizontal subsurface flow constructed
wetlands (Albuquerque et al., 2009b; Bialowiec et al., 2012a,b). Ahn
(2006) and Paredes et al. (2007) pointed out that alternative nitrate
removal pathways such as autotrophic denitrification uses hydro-
gen, sulphur compounds, ammonia, nitrite and nitrate as energy
source and inorganic carbon sources. Such chemolithoautotrophic
bacteria as Nitrosomonas are able to nitrify and denitrify in low DO
concentrations (Mulder et al., 1995; Schmidt et al., 2003).
In biofilm reactors, low DO concentrations usually lead to a sta-
ble, up to 100% NO2–N accumulation (Paredes et al., 2007). Those
authors hypothesized that NO2–N oxidizers are more exposed to
oxygen limiting conditions than NH4–N oxidizers, since the for-
mer  ones are located outside the biofilm, whereas the later are
found in the deeper layer of the biofilm. This is in contradiction to
a general opinion that faster growing heterotrophs tend to domi-
nate the outer part of a biofilm, while nitrifiers occur along with
inerts closer to the substratum (Wanner et al., 2006). Khin and
Annachhatre (2004) suggested that under DO limited conditions
(<0.5% air saturation) a co-culture of aerobic and anaerobic NH4–N
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Fig. 7. Correlation between ammonia removal and nitrate production observed in section MT-P2 (black line) and section P2-P4 (red line). (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of the article.)
oxidizing bacteria (ANAMMOX) can be established, and this system
is responsible for the process termed CANON, OLAND or aero-
bic deammonification. The interaction of aerobic and anaerobic
NH4–N oxidizing bacteria under DO limited conditions results in
almost complete conversion of NH4–N to N2 gas, whereas only
small amounts of NO3–N are produced.
Therefore, different operation procedures of BAF may  be sched-
uled in order to meet different criteria for the final effluent. The use
of aeration in part of the reactor may  allow for a superior reduction
of organic compounds and ammonia nitrogen, with no guaran-
tee of high reduction of nitrate. This procedure may, however,
be useful whenever the concentration of nitrate does not become
detrimental to effluent reuse purposes or does not produce signifi-
cant environmental impacts on receiving environments. The use of
intermittent aeration may, therefore, be an interesting option. Dur-
ing the aeration phase, high carbon and ammonia nitrogen removal
rates may  be achieved. The nitrate produced by nitrification may  be
eliminated during the non aeration phase as a result of establishing
favourable anoxic areas.
4. Conclusions
Within the applied ranges of loading rates of ammo-
nia (6 g N/m3.d to 903 g N/m3 d) and organic compounds (48 g
COD/m3 d to 2,391 g COD/m3 d), the results showed that the par-
tially aerated BAF used in this study allowed carbon removal,
nitrification and denitrification simultaneously, at significant
removal rates. However, ammonia removal was not observed for
NLR below 15 g N–NH4/m3.d. The long-term operation of the BAF
reactor was characterized by stable and relative high removal effi-
ciencies in terms of both COD (<80%) and NH4–N (<75%). Between
50% and 70% of ammonia removal occurred in the upper sec-
tion of the BAF (MT-P2), where larger biofilm development was
observed and DO concentrations remained over 2.1 g O2/m3. The
applied NLR significantly influenced the removal rates of ammonia
for NLR above 32.6 g N–NH4/m3 d. At the reactor bottom (P4-MB),
simultaneous nitrification and denitrification was observed at DO
concentrations between 0.4 g O2/m3 and 0.8 g O2/m3. The use of
submerged BAF partially aerated for the removal of low concentra-
tions of carbon and nitrogen forms appears to be an advantageous
polishing solution, which can be used to produce effluents for reuse
purposes or to reduce nitrogen loads to be discharged into streams.
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